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Abstract 
Investigation has been carried out to estimate the roles of the matrix and NbC particles in the reinforced layer of a tool surface.  
In the last decade of the last century/In the 1990s it was reported that the reinforced layer of a tool surface by plasma-
transferred-arc (PTA) welding using coarse NbC particles showed 10 times longer tool life in hot rolling of stainless steel and 
titanium. However, the roles of the matrix and NbC particles have not been investigated separately until now.  In order to 
maximize the performance of the tool, it is important to optimize the structure of the welded surface layer, and for this purpose 
an optimum set of welding parameters of PTA should be selected.  In the present work, major welding parameters are changed 
to clarify the roles of the matrix and NbC particles.  The parameters changed are the size of NbC particles in the parent powder, 
the weight fraction of NbC in the parent powder, and the times of re-melting after PTAwelding.  For evaluation two types of 
sliding test are carried out: sliding tests under room temperature and at elevated temperature.   
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1. Introduction 
It was in the 1990s that a new tool was successfully proposed for hot tube rolling of stainless steel by Tsubouchi 
et al. [1], and of titanium by Tsubouchi et al. [2] and Tsumura et al. [3]. The reported tool life was 10 times as long 
as that of the conventional tool.  Akiyama et al. [4] expanded the application field later on to a tool for high-speed 
hot rolling of carbon steel wire. The outstanding feature of this tool is that it makes use of NbC particles dispersed 
onto the conventional tool surface by Plasma-Transferred-Arc (PTA) welding of which illustration is given in Fig. 
1. Normally PTA-welded surface keeps a smooth quality having no welding cracks on it. An example of 
penetration test (PT) for checking the occurrence of crack is shown in Fig. 2. 
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Fig. 1. Schematic illustration of PTA welding.              Fig. 2. Example of PTA-welded surface layer with NbC particles. 
In the previous tool technology, use of carbide was often adopted for the reinforcement of the tool, but it was by 
adjustment of the elements in casting or by thermal treatment for a cast parent material of which a short summary 
was given by Tsubouchi et al. [5]. It is noticeable in those references that a PTA-welded tool using coarse NbC 
powder is recommended for high performance. However, nothing was mentioned in the previous works about the 
roles of the matrix and NbC particles in the matrix, and it seems that there is a possibility of upgrading the 
performance through optimizing the microstructure by clarifying the roles of the matrix and NbC particles. For this 
purpose, fine NbC particles for the parent powder of PTA welding were selected through a sieve and PTA welding 
was carried out by using two types of NbC powder selected through a sieve: coarse powder of which diameter was 
ODUJHUWKDQȝPDQGILQH1E&SRZGHURIZKLFKGLDPHWHUZDVVPDOOHUWKDQȝP37$ZHOGLQJZDVFDUULHGRXW
by changing the weight fraction of NbC particles in the parent powder. 
2. Specimen preparations 
The conditions of PTA welding are shown in Table 1. Two sizes of NbC powder were selected through a sieve: 
one coarse powder with large diameter between 75 and 150 ȝm and the other fine powder with small diameter of 
less than 45ȝm. NbC powder mixed with SUS309L powder was used to retain the toughness of the matrix. Three 
kinds of weight fraction of NbC in the parent powder for PTA welding were adopted as 20, 40 and 60%. The base 
metal on which PTA welding was performed was a medium carbon steel S50C with 0.50% carbon content and 38 
mm in thickness, 50 mm in width and 500 mm in length. The shield gas was Ar. Prior to the welding operation the 
base metal plate was heated to 423 K and it was cooled down slowly covered with a shield cloth. 
Table 1. Condition of PTA welding 
Plasma arc current Plasma arc voltage 
Powder 
Size of NbC particle 
No-1 No-2 
170A 33V NbC SUS309L Coarse : 75-150μm Fine : 䡚45μm 
Weight fraction of NbC Pre-heating temperature before PTA-welding Post-cooling condition Base metal 
20, 40, 60% 423 K Slow cooling S50C 
 
Special attention was focused on the size and weight fraction of parent NbC powder in order to trace the molten 
NbC which may reinforce the matrix. Small-sized particles may easily melt into the matrix under the high 
temperature of plasma. After cooling, all the parent plates were subjected to PT to inspect that no crack existed on 
the welded surface. Specimens to be subjected to the tests below were sectioned from the plates by wire cutting, 
and grinding was given on the welded surface for smoothing. The geometry of the specimens is indicated in Fig. 3. 
The microstructure of the welded layer was observed by an optical microscope, OLYMPUS BX51M. The area 
fraction of particles was calculated to evaluate the influence of the NbC weight fraction in the parent powder on 
the area fraction of the particles in the welded layer. 
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Fig. 3. Geometry of specimen sectioned by wire cutting and grinding for finishing (a) for FE-SEM observation and (b) for sliding test. 
Vickers hardness of the matrix was measured on each specimen in order to clarify the influence of particle size 
and weight fraction of NbC in the parent powder on the reinforcement of the matrix. Vickers hardness on the 
particles in the welded layer was measured to identify that it was NbC. 
The microstructures were observed by FE-SEM of JEOL JSM-7001F and distributions of elements were 
observed by using EDX installed in the FE-SEM. 
After these three kinds of evaluation tests on the welded layer, the specimens were subjected to the wear 
resistance test at room temperature of 293 and at 873 K. 
3. Specimen evaluations 
Fig. 4. gives examples of microstructure observed with optical microscopy. It is shown that according to the 
increase in the weight fraction of NbC particles in the parent powder, the area fraction of particles in the welded 
layer increases. It is also shown that there may be a close relationship between the size of NbC particles in the 
parent powder and the size of particles in the welded layer.  
 
Fig. 4. Comparison of  micro-structures of PTA welded layers: weight fraction of (a) 20% NbC fine particles,  (b) 20% NbC coarse particles,  
(c) 60% NbC fine particles,  (c) 60% NbC coarse particles in parent powder. 
The relationship between the weight fraction of NbC particles in the parent powder and the area fraction of 
particles in the welded layer is given in Fig. 5. The area fraction is slightly smaller than the weight fraction but 
there is a good correlation between the two. This relationship seems to be independent of the size of NbC particles 
in the parent powder. The difference between the weight fraction and area fraction may be caused by the 
dissipation of NbC powder in PTA welding operation and by dissolution of a small amount of NbC into the matrix. 
The influence of the weight fraction of NbC particles in the parent powder on the hardness of the matrix is 
given in Fig. 6. The hardness of the matrices is higher than that of the base plate and it gradually increases 
according to the increase in the weight fraction of NbC particles in the parent powder. The matrices welded with 
fine NbC particles show slightly higher hardness than those of coarse particles. There may be dissolution of NbC 
into the matrix, but the amount of dissolution may not increase considerably according to the increase in the weight 
fraction of NbC particles in the parent powder. 
 
a b 
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Fig. 5. Influences of weight fraction of NbC particles in parent             Fig. 6. Influence of weight fraction of NbC particles in parent           
powder on area fraction of particles in matrix.                                                     powder on  hardness of matrix.
Fig. 7. shows the FE-SEM images and results of analysis by EDX. Fig. 7(b) shows the distribution of Nb and 
Fig. 7(c) shows the distribution of C, and they both match Fig. 7(a). This result suggests that the particles existing 
in the matrix are NbC. It is important to note that very little Nb was detected in the matrix, and it seems that Nb or 
NbC hardly dissolved in the matrix. Fig. 7(d), (e) and (f) are close-up images. It is curious to note that many small 
NbC particles are observed in the matrix. The size of these small particles is about a few micrometers or less, and it 
is assumed that the increase in the number of these small particles may be the cause of the increase in hardness of 
the matrix according to the increase in the weight fraction of NbC particles in the parent powder as was shown in 
Fig. 6. It is also noticeable in Fig. 7(e) that indication of Nb is hardly observed on the matrix, and this result 
supports that Nb or NbC hardly dissolves in the matrix throughout the PTA welding operation. 
 
 
Fig. 7. Results of analysis on microstructure by FE-SEM and EDX: (a) SEM image of NbC particles, (b) Distribution of Nb, (c) Distribution of 
C, (d) SEM image of small NbC particles, (e) Distribution of Nb and (f) Distribution of C. 
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4. Wear resistance test 
Fig. 8. shows a view of sliding test. Specimens were pushed onto a rotating disk under room temperature and at 
temperature of 873 K, and the length of the wear track was measured to examine the performance of the tool. In 
the experiment at elevated temperature, the disk was heated by an induction coil on the opposite side of the 
specimen and the heated surface slid onto the specimen after a quarter of a rotation. The conditions of sliding tests 
are given in Table 2. 
 
            
Fig. 8. View of sliding test. 
Table 2 Conditions of sliding test. 
Specimen Disk 
Size Material Size Material Temperature 
10×22×30mm NbC SUS309L ĳîPP S45C 293, 873K 
Load Sliding distance Sliding speed 
980N 600m 0.22m/s 
 
The results of wear resistance test are shown in Fig. 9. As shown in examples in Fig. 9(a) and (b), the length of 
the wear track at elevated temperature is much longer than that at room temperature. Fig.  9(c) shows that when 
NbC particles are PTA welded, the length of the wear track becomes shorter than that on the specimen without 
NbC. The size of NbC particles influences the wear resistance characteristics. Under room temperature the wear 
resistance does not change remarkably when the weight fraction of fine NbC particles in the parent powder 
changes. A similar tendency is observed on coarse NbC powder when the weight fraction is 20 and 40%, but it is 
curious to note that the length of the wear track becomes remarkably short when the weight fraction of coarse NbC 
particles increases to 60%.  
 
         
Fig. 9. Results of sliding test: (a) example of wear track at 873K (60% coarse NbC particles), (b) example of wear track at 273K (60% coarse 
NbC particles), and (c) influences of PTA welding condition on wear resistance at 873K. 
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5. Discussion 
It is indicated in Fig. 5. that there is linear correlation between the weight fraction of NbC particles in the parent 
powder and the area fraction of NbC particles in the welded layer. However, there is a deviation on some data 
which may deteriorate the linearity. The reason may be fluctuation of the distribution of NbC particles in the 
welded layer after one stream of PTA-welding operation. If the welded layer is heated again until it is molten the 
fluctuation may be slightly improved. For this purpose, re-heating by PTA without powder was tried out on the 
welded layer. The reason for the adoption of PTA was that the plasma is strong enough to melt the welded layer. 
Photographs in Fig. 10 show an example of the re-heated layer in comparison to the original welded layer. The 
uniformities of the distribution of the area fraction of NbC particles are compared between the two layers in Fig. 10. 
The re-heated specimen was subjected to FE-SEM observation to detect Nb in the matrix by using EDX. There 
was no strong indication of Nb in the matrix and re-heating did not influence the reinforcement of the matrix. It 
may be concluded that re-heating by PTA without parent powder may slightly improve the uniformity of the 
distribution of NbC particles in the welded layer, and improvement of fluctuation can be expected by re-heating. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Comparison of PTA-welded layer with 40% fine NbC particles: (a) PTA-welded layer, (b) re-heated layer and (c) influence of re-
heating on uniformity of area fraction of NbC particles in the welded layer. 
6. Conclusion 
Wear resistance tests were carried out in order to clarify the roles of the matrix and the NbC particles dispersed 
in the tool surface by using PTA welding for the reinforcement. The hardness of the matrix gradually increases in 
accordance with the increase in the weight fraction of NbC particles in the parent powder. Therefore, influence of 
the weight fraction of NbC particles in the parent powder on the reinforcement of the matrix is limited. Influence 
of the size of NbC particles on the reinforcement is also limited. Inspection by EDX showed that there is no clear 
indication of dissolution of Nb or NbC in the matrix. It was concluded that the size of NbC particles and the weight 
fraction of NbC particles in the parent powder have little influence on the reinforcement of the matrix. The feature 
of wear resistance at elevated temperature of 873 K depends on the size and weight fraction of NbC particles in the 
parent powder, and adoption of 60% weight fraction with coarse particles of over 75 ȝm ensures good performance. 
Particle size and weight fraction of NbC do not give clear influence on the wear resistance at room temperature. 
There is a possibility of improving wear resistance when the specimen is re-heated by plasma. 
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